Changes in P-glycoprotein and ABCG2 densities may play a role in amyloid-beta accumulation in Alzheimer's disease. However, previous studies report conflicting results from different brain regions, without correcting for changes in vessel density. We developed an automated method to measure transporter density exclusively within the vascular space, thereby correcting for vessel density. We then examined variability in transporter density across brain regions, matter, and disease using two cohorts of post-mortem brains from Alzheimer's disease patients and age-matched controls. Changes in transporter density were also investigated in capillaries near plaques and on the mRNA level. P-glycoprotein density varied with brain region and matter, whereas ABCG2 density varied with brain matter. In temporal cortex, P-glycoprotein density was 53% lower in Alzheimer's disease samples than in controls, and was reduced by 35% in capillaries near plaque deposits within Alzheimer's disease samples. ABCG2 density was unaffected in Alzheimer's disease. No differences were detected at the transcript level. Our study indicates that region-specific changes in transporter densities can occur globally and locally near amyloid-beta deposits in Alzheimer's disease, providing an explanation for conflicting results in the literature. When differences in region and matter are accounted for, changes in density can be reproducibly measured using our automated method.
Introduction
Alzheimer disease (AD) is a neurodegenerative disorder that is pathologically characterized by excess levels of amyloid-beta (Ab) plaques in cortical regions of the brain. Although Ab is normally exported from the brain into the bloodstream, it may accumulate and form plaques in the AD brain in part due to insufficient removal by transporters located at the blood-brain barrier. This ''Ab clearance hypothesis'' suggests that changes in the function and/or density of transporters such as P-glycoprotein (P-gp, encoded by ABCB1) and ABCG2 (encoded by ABCG2) may play an important role in the pathogenesis of AD. 1 Two lines of experimental evidence are necessary to support this hypothesis: (1) that Ab peptide is transported by P-gp and/or ABCG2, and (2) that changes in P-gp and ABCG2 function and/or density exist in AD patients. While a number of studies have shown that P-gp facilitates transmembrane movement of Ab analogs, [2] [3] [4] [5] studies performed in post-mortem brains from humans have reported conflicting results on the relationship between the densities of P-gp and ABCG2 in brain capillaries and Ab deposition. Vogelgesang et al. 6, 7 manually scored P-gp-immunoreactive (or positive) capillaries in 243 elderly subjects without dementia and reported an inverse correlation between P-gp and Ab levels. 6, 7 A more recent study used a similar semi-quantitative method and reported a reduction in P-gp-positive capillaries of AD subjects compared to controls. 8 Wijesuriya et al. 9 measured P-gp and ABCG2 fluorescence in individual capillaries and found a reduction in P-gp but not ABCG2 in the endothelial cell layer of capillaries in AD; however, mRNA and protein levels of P-gp and ABCG2 in these samples were not altered. 9 In contrast to these results, Carrano et al. 10 reported a reduction in ABCG2-positive, but not P-gp-positive, capillaries in the AD brain parenchyma, 10 whereas Xiong et al. 11 reported an increase in ABCG2 expression at the mRNA and protein levels.
One explanation for the different results could be the variability in the mode of analysis used to quantify transporter density in these studies. Some used immunohistochemical staining of P-gp and ABCG2 to score the number of capillaries in fields of view, [6] [7] [8] while others measured the fluorescence intensity of P-gp and ABCG2 immunoreactivity within individual capillaries, 9, 11 or as a percentage of immunofluorescence staining with respect to a stain for brain endothelial cells. 10 Most of the analysis strategies used in these studies could be interpreted as a simple count of capillaries or a percent area of staining, instead of a measure of the expression levels of efflux transporter protein, because they do not quantify the actual intensity and distribution of staining. Furthermore, these studies measured transporter density in a small number of capillaries (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) from different regions: four studies measured P-gp and/or ABCG2 density in the hippocampus or other parts of the medial temporal cortex, [6] [7] [8] [9] while two measured density in the occipital lobe. 10, 11 We hypothesized that absolute densities of P-gp and ABCG2 in capillaries, rather than the area of positive staining for P-gp and ABCG2, would give insight into the variability of transporter density between regions and whether P-gp and ABCG2 densities correlated with AD status. To this end, we sought to develop an analysis strategy based on immunofluorescence images from post-mortem human brain that would measure the magnitude of protein expression within vessels (and thus correct for capillary density). The method was subsequently applied to two cohorts of postmortem brains from AD patients and matched controls: one cohort to examine the variability of transporter density (measured from !60 capillaries total) across brain region and matter, and the other cohort to determine whether P-gp and ABCG2 densities correlated with AD status. Finally, we used superresolution, structured illumination microscopy to investigate local changes in the density and distribution of P-gp and ABCG2 in capillaries located in proximity to amyloid plaques.
Materials and methods

Brain tissues
Two independent sets of post-mortem brain samples from Alzheimer patients and age-matched controls were obtained from the Netherlands Brain Bank (Netherlands Institute for Neuroscience, Netherlands). Set 1 was used to assess the variability in transporter density across brain regions and matter, while set 2 was used to assess whether P-gp and ABCG2 densities correlated with AD (Supplementary Tables 1 and 2) . Neuropathologic criteria were used to diagnose AD, and the groups were matched with respect to hemisphere, sex and origin of tissue, age, and post-mortem interval (see Supplementary Information for 
Immunofluorescence staining
Triple-labeling immunofluorescence was carried out on post-mortem sections to visualize the distribution of glucose transporter-1 (glut-1), P-gp or ABCG2, and Ab. Dual-labeling of post-mortem sections using two vascular markers, glut-1 and CD31, was carried out to validate the glut-1 vessel mask (Supplementary Tables 3  and 4 ; see Supplementary Information for further details). Sudan Black counterstaining was used to distinguish white and gray matter, and to quench autofluorescence from lipofuscin. 12 The specificity of our detection system was verified by omission of the primary antibody, and the specificity of antibodies against P-gp and ABCG2 was assessed by comparing results obtained with different antibodies against these targets (Supplementary Figure 1) .
Image acquisition
To determine whether transporter density changes on a ''global'' level, fluorescence of glut-1, P-gp and ABCG2, and plaque stainings was measured from entire tissue sections using an automated scanning system (VSlide Scanning Platform, MetaSystems GmbH). Once sample names were blinded, entire tissue sections from sets 1 and 2 were scanned (see Supplementary Information for further details). For each sample and brain region, two regions of interest were randomly chosen and exported as uncompressed 8-bit files in tiff format for analysis. Each region of interest contained at least two fields of view, and each field of view contained ! 30 capillaries. In set 1, the sizes (mean AE SD) of the regions were 8.9 AE 9.0 mm 2 (gray matter) and 1.4 AE 3.8 mm 2 (white matter) for Pgp slides, and 8.8 AE 4.5 mm 2 (gray matter), and 2.4 AE 2.9 mm 2 (white matter) for ABCG2 slides. In set 2, the size of the regions was 0.61 mm 2 (gray matter). To investigate the relationship between Ab plaques and P-gp and ABCG2 distributions in proximal capillaries, we used structured illumination microscopy to measure fluorescence within gray matter capillaries from temporal cortex samples of AD cases (n ¼ 5). For each case, staining of P-gp and ABCG2 and glut-1 was measured in three capillaries located near plaques and in three capillaries not near plaques (see Supplementary Information for further details). Multichannel images were exported for analysis.
Quantification of protein density and area coverage
Transporter density and blood vessel coverage were measured using algorithms written in Matlab R2011b (v.7.13.0.564, MathWorks Inc.). Vessel masks were generated in a two-part method. In the first part, a median filter of 10 Â 10 was applied to the glut-1 image to remove electronic noise before vessel edges were detected using the Sobel method (which measures the maximum rate of change in pixel intensity). The detected edges were dilated using a 2D convolution between the edge mask and a ''smoothing'' factor (corresponding to the width of the Gaussian kernel) to generate a binary mask.
In the second part, the original glut-1 image was thresholded using a user-defined value to remove pixels outside of the capillary. The thresholded glut-1 image was then multiplied by the binary mask to obtain the final vessel mask. We tested eight different smoothing factors (ranging from 4 to 18) and seven values for threshold (ranging from 30 to 60) on thalamus regions from both the P-gp and ABCG2 slides to determine which values resulted in minimal variability in the percent area coverage of blood vessels; the final values were 15 for smoothing factor, and 45 (P-gp) and 35 (ABCG2) for threshold (Supplementary Figure 2) . Once the final vessel mask was generated, it was overlaid onto the original glut-1 or P-gp and ABCG2 images to quantify the average fluorescence intensity (which is proportional to protein concentration) within the capillary space. This value is reported as the density of each transporter. To prevent user bias, sample names were broken only after all values were calculated.
The same edge detection and smoothing operators were applied to quantify the amounts of plaque and vessel coverage. Plaque load was defined as the percent of pixels within the plaque mask divided by the total pixel number in the image. Percent area covered by vessels was defined as the percent of pixels constituting the glut-1-derived vessel mask divided by the total pixel number in the image. Vessel masks generated from glut-1 staining were validated using a second vessel marker, CD31 (see Supplementary Information for further details).
Fluorescence intensity and distribution of P-gp and ABCG2 in capillaries proximal to Ab plaques were analyzed using ImageJ (v1.47 h, National Institutes of Health). Capillaries with visible amyloid deposits within the walls were excluded. The endothelial cell layer was selected based on glut-1 staining. Size, intensity, and distribution of P-gp and ABCG2 clusters (i.e., groups of pixels) were determined using particle analysis with a cut-off size of 0.01 mm 2 and circularity between 0.4 and 1.0. P-gp and ABCG2 coverage were determined as the area covered by P-gp and ABCG2 clusters divided by the total area measured (glut-1), and the normalized integrated optical densities of P-gp and ABCG2 were calculated by dividing the total density by the area measured (glut-1). Cluster size and P-gp signal intensities were measured from 2324 AE 274 P-gp clusters per capillary and from 746 AE 49 ABCG2 clusters per capillary.
Quantitative PCR on human temporal cortex micro-punch samples Pieces of gray matter or white matter were punched using a micro-punch from unfixed fresh frozen samples of temporal cortex from set 2. Total RNA was extracted, verified for quality (mean AE SD; gray matter: 2.03 AE 0.09; white matter: 1.94 AE 0.13), and reverse transcribed as previously described. 13 To measure gene expression, quantitative reverse transcription PCR was performed on a 384-well plate using customdesigned primers (Invitrogen, Supplementary Table 5) . Expression was measured for two target genes (ABCB1, ABCG2), and four reference genes (CD31, CD105, OLIG1, TUBULIN). Changes in expression were calculated using the comparative reference method (2 ÀÁÁCT ), where CT is the cycle number at which the signal crosses the reaction threshold and ÁÁCT ¼ ÁCT of target mRNA -ÁCT of control mRNA. The amount of OLIG1 (marker for white matter) was normalized to TUBULIN as a reference gene, and the amounts of ABCB1 and ABCG2 (target genes) were normalized to CD31 and CD105 (markers for endothelial cells) as reference genes.
Statistical analysis
Details on statistical analysis are provided in the text and in Supplementary Information.
Results
Development of automated method to measure protein density and coverage
We developed an automated method to quantify the capillary densities of P-gp and ABCG2 in postmortem sections stained simultaneously with antibodies against glucose transporter-1 (glut-1), P-gp or ABCG2, and Ab ( Figure 1 (a), Supplementary Figure 1) . A crucial step in the development of the automated method was the generation of a vessel mask from a capillary marker (i.e. glut-1), which was included in our study as a positive marker of vessels independent of P-gp or ABCG2 presence. First, edges of each glut-1-positive region were detected and subsequently smoothed using convolution, and these regions were defined as capillaries ( Figure 1(b) , panels 1-3). Second, the original glut-1 image was thresholded to remove background pixels before being multiplied by the smoothed edge mask to generate the final vessel mask (Figure 1(b) , panel 4). Values for smoothing factor and threshold were chosen such that the measured variability in area coverage values from thalamus was minimal (Supplementary Figure 2) . We observed that the vessel mask generated by the automated method included fewer artifacts than that generated by a user-defined threshold (green arrows, Figure 1 (b), panel 5). Vessel masks generated by glut-1 staining detected at least 80% of all vessels jointly detected by glut-1 and a second endothelial marker, CD31.
We also tested whether the automated method based on edge detection and smoothing could be applied to measure the percent tissue area covered by Ab plaque. Plaque masks were generated either by the automated method, or by simple thresholding of plaque-positive pixels using a user-defined value. The automated method included more plaque-positive pixels within the mask than did the method using a user-defined threshold ( Figure 1 (b), panels 6-8).
Automated method distinguishes AD and control cases based on A plaque staining
Since a hallmark of AD is higher deposition of Ab plaque in gray matter cortical regions, 14 we first (1) is used to identify the edges of the blood vessels (2), which is then convolved with a factor to smooth the edges (3). Background pixels outside the capillary are removed using a user-defined threshold to provide the final mask (4), which is then overlaid onto the original images to obtain integrated optical density within the vessel mask. The method can also be applied to images of Ab staining (6) to obtain the plaque mask (7) . In contrast to the semi-automatic method, simple thresholding either identifies background artifacts (green arrows, 5) or detects too few pixels in the mask (8) . Scale bars ¼ 50 mm.
assessed whether the automated method could detect higher plaque load/coverage in gray matter regions of AD patients than in those of controls ( Figure 2 In set 2, plaque coverage is 77% higher in AD cases than in controls, and 57% higher in AD cases than in Lewy-Body Dementia cases. Data are shown as box and whisker plots, indicating 75th percentile, median, and 25th percentile (boxes), and minimum and maximum values (whiskers). ***P < 0.001 and ** P < 0.01 by one-way ANOVA followed by Dunnett's t-test for multiple comparisons (one-sided, a ¼ 0.05).
analyzed using a linear mixed-effects model to determine whether plaque expression varied with case status, brain matter, and brain region (Table 1 , equation (1)). Plaque load (median value of percent area covered) was 62% higher in AD cases (0.37) than in healthy controls (0.02, Figure 2 (b)), 87% higher in gray matter regions (0.67) than in white matter regions (0.05, Figure 2 (c)), and at least 75% higher in cortical regions (hippocampus: 0.31, temporal cortex: 0.60) than in the control region (thalamus: 0.02, Figure 2 (d)); plaque coverage was not significantly higher in parietal cortex (0.11, Figure 2(d) ). The model, however, did not reveal evidence for any interaction effect between AD case status and gray matter (or any other case status and matter), possibly due to small sample size in set 1. We found that sample variability accounted for 16% of the residual variation (Table 1 , equation (1), variance of b i0 ).
After determining that plaque expression varied with brain matter and region, we measured whether plaque expression varied with case status by using an independent set of post-mortem samples constructed as a Table 1 . Equations of the fitted linear regression models and their parameters for plaque coverage (1), blood vessel area (2), P-gp density (3), and ABCG2 density (4) . where Log(plaque) ij (or BloodVesselArea ij , Log (IOD P-gp) ij , Log (IOD ABCG2) ij ) is the jth measurement in sample i, 0 is the intercept, b i0 is the random-effect coefficient for sample i in samples from a normal distribution with zero mean, and I Gray (Matter ij ) is an indicator variable that is 1 if Matter is Gray and 0 otherwise. Statistical significance was evaluated using t-tests, but P-values were not corrected for multiple testing due to the model search based on the Bayesian information criterion. Non-adjusted P-values are reported only to provide an indication of the degree of influence a certain parameter has on the dependent variable. IOD: integrated optical density; Cx: cortex; glut-1: glucose transporter 1 tissue microarray 13, 15 (Figure 2(e) ). This set contained only gray matter areas of temporal cortex from controls (Braak stage 0/1, n ¼ 9), patients with AD (Braak stage 5/6, n ¼ 10), and patients with Lewy-Body Dementia (Braak stage 0/1, n ¼ 10; Supplementary Table 2 , henceforth referred to as set 2). Plaque load (mean percent area covered AE SD) was 77% higher in AD cases (0.83 AE 0.43) than in healthy controls (0.27 AE 0.19; P < 0.001), and 57% higher in AD cases than in Lewy-Body Dementia cases (0.36 AE 0.20, P < 0.01; Figure 2(f) ).
Automated method detects higher vessel coverage in gray matter than in white matter
As a second internal control, we assessed whether the automated method could detect differences in blood vessel coverage between gray and white matters because previous studies have shown that capillary density in gray matter is almost double than that found in white matter. 16 Blood vessel coverage, determined by the percent area of each image covered by glut-1-positive pixels, was measured in the same fields of view extracted for analysis of plaque coverage from set 1. Using a linear regression model (Table 1 , equation (2)), we found that blood vessel area was 41% higher in gray matter than in white matter. Within gray matter, coverage was 23% higher in Alzheimer cases than in controls. No significant differences in blood vessel area within the white matter areas were found between patients and control (Supplementary Figure 3) . Of the residual variance, sample variability accounted for 21% of the values (Table 1, P-gp and ABCG2 density vary with brain matter and/or brain region After verifying that the automated method detects known differences in plaque and vessel coverage, we used the method to examine whether the densities P-gp and ABCG2 in capillaries varied with AD status, brain matter, and brain region using set 1 of post-mortem brains. P-gp density was measured as the integrated optical density averaged from two regions of interest (! 1 mm 2 ) for each sample, where each region contained ! 60 capillaries. Analysis using a linear regression model (Table 1 , equation (3)) provided strong evidence that P-gp density was 9% lower in gray matter than in white matter (Figure 3(a) ) and 15-19% lower in cortical regions than in the non-cortical region, thalamus (Figure 3(b) ). An interaction effect was found between gray matter and log plaque, suggesting that reduction in P-gp density is correlated with plaque expression in gray matter (Table 1, equation (3) ).
The model could not find evidence that AD status or glut-1 density contributed to variation in P-gp density (Figure 3(c) ) because adding these variables into the mixed-effect model adversely increased the Bayesian information criterion. Sample variability accounted for 25% of residual variation (Table 1, The density of ABCG2 was found to vary with brain matter, but not with brain region or with AD status (Figure 3(d) to (f) ). Linear regression analysis provided strong evidence that ABCG2 density was 33% higher in gray matter than in white matter (Figure 3(d) ) and correlated with glut-1 density (Table 1 , equation (4)), but was not affected by brain region (Figure 3(e) ) or AD status (Figure 3(f) ). Sample variability accounted for 39% of the residual variation ( Table 1 , equation (4), variance of b i0 ).
P-gp density decreased in capillaries of cortical regions on a global and a local level
Given that P-gp and ABCG2 density varied substantially with brain region, matter, and sample, we calculated that 10 samples per group would be needed (using error rates of 0.05 for Type I and 0.2 for Type II) to measure the previously reported $25% decrease in transporter density in AD. 9 Transporter density was then examined within capillaries of gray matter regions (0.61 mm 2 ) from temporal cortex regions of 10 AD cases and 9 controls (set 2, Figure 4 (a)). P-gp density (mean AE SD) was 53% lower in AD cases (19.5 AE 9.9) than in controls (40.0 AE 16.8, P < 0.01; Figure 4(b) ), but ABCG2 density did not change between AD cases (70.0 AE 16.4) and controls (84.4 AE 28.8, P ¼ 0.42; Figure 4 (c)). When the primary antibodies were omitted, the automated method detected no signal (Figure 4(d) ). Since glut-1 expression has been shown to be downregulated in AD, 17 we verified that changes in transporter density were not a result of missing vessels in glut-1 staining. Vessel masks generated from glut-1 staining identified 80 AE 5% (in control samples) and 75 AE 5% (in AD samples) of all vessels jointly identified by glut-1 and CD31, and were not significantly different between the two groups (P ¼ 0.10, Supplementary Figure 4) .
We also investigated whether P-gp and ABCG2 densities and distribution decreased locally in capillaries situated proximally to Ab plaques, irrespective of disease pathology. Using structured illumination microscopy to measure P-gp and ABCG2 in gray matter capillaries of temporal cortex regions of only AD patients ( Figure 5(a) to (d) ), we found that P-gp density (mean AE SD) was 35% lower in capillaries near Ab deposits (382.0 AE 51.2) than in those that were not near deposits (588.2 AE 123.0, P < 0.01, Figure 5 (e)). P-gp distribution, measured as area covered above threshold, was not significantly lower in high plaque areas (4.9 AE 0.8 mm 2 ) than in low plaque ones (6.1 AE 1.3 mm 2 , P ¼ 0.05, Figure 5 (f)). The cluster size of P-gp immunoreactive structures (P ¼ 0.78, Figure 5 (g)) and cluster intensity (P ¼ 0.16, Figure 5 (h)) were not altered near Ab deposits. Similarly, ABCG2 density (P ¼ 0.72, Figure 5 (i)), distribution (P ¼ 0.67, Figure 5 (j)), cluster size (P ¼ 0.39, Figure 5 (k)), and cluster intensity (P ¼ 0.65, Figure 5 (l)) were not altered near Ab deposits.
Finally, to determine whether these changes are also evident on the transcript level, we measured mRNA expression of ABCB1 and ABCG2 in gray and white matter regions from micro-punch samples taken from fresh frozen temporal cortex of set 2. When normalized to CD31 and CD105 as reference genes, no significant changes in transcript levels of ABCB1 or ABCG2 were measured between AD cases and controls, or between gray and white matters (Figure 6(a) ). Expression of OLIG1, a marker for oligodendrocytes present in white matter, was 4.7-fold higher in white matter than in gray matter of controls (P < 0.05, Figure 6(b) ). However, OLIG1 expression was not significantly different between white and gray matter samples of AD cases (P ¼ 0.40, Figure 6(b) ).
Discussion
Automated method to measure protein staining in post-mortem brain sections
In this study, we developed an image analysis method to quantify the variability of P-gp and ABCG2 densities in capillaries from different brain regions of postmortem sections from AD and matched controls. Because AD has a complex pathophysiology with altered protein expression in many brain cells, 18 we aimed to minimize the effect of these changes on the measurement of transporter densities. Our method therefore relies upon the use of a vessel mask, which is generated from the staining of a protein marker (i.e. glut-1) independent of the one being measured. Once generated, the mask is ''smoothed'' using convolution and then applied onto images of transporter staining to measure density within the vascular space. Since the mask is generated automatically using change in pixel intensity rather than intensity itself, it not only excludes staining artifacts present outside the capillary, but also includes protein-positive pixels that may have otherwise been ignored due to variations in intensity. This effect was evidenced by visually comparing the mask generated by the automatic method to that generated by a single intensity threshold.
The image analysis strategy developed here can also be used to identify other structures based on contrast with background. When a similar algorithm was used to measure plaque staining, it detected reported differences [19] [20] [21] in the post-mortem samples from both tissue sets. In set 1, plaque coverage was 60-87% higher in gray matter regions (versus white matter), in cortical regions (versus thalamus, a non-cortical region), and in AD patient samples (versus healthy) than in those of the respective controls. The lack of interaction effect between AD case status and gray matter/cortical regions in our samples was likely due to the low number of samples in set 1. One caveat of such comparisons among regions is that plaque load is not evenly distributed among layers of cortex, as superficial layers tend to have greater plaque levels than deep layers. However, in our study, we used large pieces of tissue that covered both superficial and deep layers to enable relative comparisons among regions. Furthermore, in an independent, larger set of post-mortem samples (set 2) containing only gray matter areas of temporal cortex, the automated method distinguished AD cases from controls, as well as AD cases from patients with a different type of dementia. Similarly, when the algorithm was used to measure vessel area (as a percentage of the field of view), it detected reported differences in the post-mortem samples. Vessel coverage was almost twice as high in gray Figure 4 . In gray matter areas of temporal cortex of an independent, larger cohort of post-mortem samples, capillary density of P-gp but not ABCG2 is lower in AD cases than in controls. (a-b) Representative images of sections from set 2 stained with glut-1 (red), P-gp and ABCG2 (green), and Ab (blue). Scale bars ¼ 100 mm. (c) P-gp density is 53% lower in AD cases than in controls, (d) but ABCG2 density is not significantly different between AD cases and controls. (e) The automated method detected no signal in transporter density when a negative control slide was used. Data are shown as box and whisker plots, indicating 75th percentile, median, and 25th percentile (boxes), and minimum and maximum values (whiskers). ** P < 0.01 by Student's t-test with Welch's correction (unpaired, two-sided, a ¼ 0.05) followed by Bonferroni correction for multiple Welch corrected t-tests.
matter than in white matter, was 23% higher within gray matter areas of AD cases than in controls, and was not different within white matters of the two groups, similar to previous findings. 22 While some reports have observed increased vascular density in AD samples, 23 possibly due to angiogenesis, 9,24 other studies have shown that deterioration of gray matter regions in AD may account for measured increases in vessel density. 22, 25, 26 We cannot ascertain which explanation may be most likely in our study without further information on angiogenic markers or cortical thicknesses from the samples. Another factor that may have impacted measures of vessel density is the vascular risk profile of each case in our study, but this information is not known and may be a potential confound in our analysis.
Advantages and limitations of automated method to quantify transporter densities
The automated method developed in this study is valuable for measuring proteins in post-mortem brain tissue because it overcomes limitations of previous modes of analysis in three ways. First, the automated method inherently normalizes for vessel density, avoiding any changes in density that may result from different brain regions and disease status. Second, it allows the user to rapidly measure a large number of capillaries (!60 capillaries) across several regions, reducing user bias and time. Third, it can be used to analyze any protein, not just those based in capillaries. Because the quantification is contrast-based, it is less sensitive to staining artifacts, which are a common problem in immunofluorescence analysis of proteins in pathological brain samples. In contrast, previous methods suffer from one or multiple problems. They either do not measure density exclusively in vessels, do not account for changes in capillary density, and/or only measure density in a small number of capillaries. For example, the strategies of counting the number of transporter-positive capillaries in the field of view or the number of transporter-positive pixels have been used as a measure of transporter density in AD 6, 8 and in other brain disorders, such as epilepsy. 27 However, such analysis does not truly measure transporter density because the results can be interpreted as simply a count of capillaries or as the area covered by protein-positive pixels. These two methods also do not account for any changes in capillary density that may occur between samples, regions, and/or cases, 7, 27 and were performed on 10-20 capillaries for each sample, precluding a more ''global'' assessment of density from various brain regions.
One potential limitation of the automated method, however, might occur in a scenario in which some capillaries do not express glut-1 at all-a possibility given Figure 5 . In gray matter areas of temporal cortex from AD cases, the density of P-gp but not ABCG2 is lower in capillaries located near Ab plaque than in those that are not. (a-d) Structured illumination microscopy was used to identify clusters of P-gp (green) within capillaries (glut-1 staining, red) located near high and low amounts of surrounding Ab plaque (blue). (e) The integrated optical density (IOD) of P-gp, normalized to the staining of glut-1, is 35% lower in capillaries near plaque than in those that are not near visible plaques. (f) Percent coverage of P-gp within the capillary, (g) cluster size and (h) intensity were not significantly reduced near Ab deposits. (i) ABCG2 density, (j) distribution, (k) cluster size, and (l) cluster intensity were not altered near Ab deposits. Data points from each sample are plotted along with the mean value for each group. ** P < 0.01 by a Student's t-test (one-sided) followed by Bonferroni correction for multiple t-tests (a ¼ 0.01).
that glut-1 expression may be downregulated in AD. 17 Because the vessel mask relies on detection of vessels to generate a mask, missing vessels could potentially bias the outcome, depending on the relationship between glut-1 and the transporter of interest. If the proteins were not correlated, then the missing vessels would not affect the measurements: all sampled capillaries would be representative of the population, and a reliable estimate of the sample mean can be obtained by measuring a sufficient number of vessels. If the proteins were positively or negatively correlated, then the measurements of transporter density would be biased in one direction. Statistical power to detect differences would be reduced, but the false positive rate (Type I error) would remain unchanged. In our study, missing vessels were unlikely to affect measures of P-gp density because: (1) glut-1 detected > 75% of all vessel pixels identified using two endothelial markers in both control and AD samples, and (2) glut-1 did not correlate with P-gp density. In contrast, missing vessels may have led to an overestimate of ABCG2 values because glut-1 and ABCG2 were positively correlated. As a result, differences between samples may have been underestimated. Future studies might benefit from including two vascular markers to generate a capillary mask and reduce the bias resulting from missing vessels because protein expression of many capillary markers is reported to change in AD. 18, 28 Relationship of P-gp density and A plaque
We found that P-gp density in capillaries varies substantially with plaque expression, brain matter, and brain region. In set 1, the automated method detected a decrease in P-gp density only within gray matter and cortical regions-the same regions in which plaque coverage was highest. However, no statistical difference in density was found between AD and controls. This result was probably due to low sample size. When we controlled for brain region and matter, as well as for effect size/power in set 2, the automated method found that capillary P-gp density was 53% lower in AD than in controls. This value is larger than previously reported (20-25%), 8, 9 and the effect size detected in Figure 6 . Expression of ABCB1 and ABCG2 in gray and white matter regions of temporal cortex from AD cases and controls.
(a) Relative expression was calculated using the comparative CT method (2 ÀÁÁCT ) method, with cycle threshold (CT) values normalized to those of reference genes CD31 and CD105 (markers for endothelial cells), and then to the average of controls (gray matter). In gray and white matters, neither ABCB1 nor ABCG2 expression is significantly different between AD cases and controls. (b) Expression of OLIG1 (a marker for white matter) is roughly five-fold higher in white matter than in gray matter of controls, but is not significantly different between white and gray matter regions of AD cases. TUBULIN, which was used as reference gene for OLIG1, was not significantly different between AD cases and controls. Data are expressed as mean AE SD. ***P < 0.001 and *P < 0.05 by two-way ANOVA followed by Bonferroni corrected t-tests (two-sided, a ¼ 0.05).
our study is likely a result of measuring P-gp levels per capillary unit, normalizing for brain region and matter, and sampling a larger number of capillaries (60 as opposed to [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] from each case. In addition to this global decrease in P-gp density in AD, we also found that P-gp density was decreased by 35% in capillaries near detectable Ab deposits of AD samples, as evidenced by structured illumination microscopy. This local decrease in AD samples, which to our knowledge has not been reported before, was likely due to a reduction in the number of P-gp clusters, as we did not measure a change in the size or intensity of P-gp clusters within the capillary. If fibrillary forms of soluble Ab plaque are indeed transported by P-gp, then such local decreases in the density of P-gp located proximal to Ab deposits would exacerbate pathological accumulation of Ab.
The differences measured in protein expression did not occur at the transcript level, as we did not find any change in mRNA levels of ABCB1 between AD and controls, or between gray and white matters. Wijesuriya et al. 9 reported similar findings in AD samples, but did not account for gray vs. white matter. A methodological explanation for the discrepancy between the protein and transcript results is that mRNA levels were measured in whole brain homogenates. As such, any potential changes in mRNA expression of ABCB1 within endothelial cells may have been diluted by transcripts extracted from whole brain. A biological explanation might be that expression levels are not altered at the transcript level, but rather that P-gp degradation is increased in AD through the ubiquitin-proteasome pathway, resulting in reduced availability. 29 Our results are consistent with some, but not all, of the previous studies investigating the relationship between Ab plaque and P-gp density in the human brain. Similar to our findings, some studies have reported that reduced P-gp density is associated with Ab plaque deposition, in non-demented healthy subjects, 6 in subjects with cerebral amyloid angiopathy 7, 10 (a condition characterized by Ab deposits exclusively in capillaries), and in AD cases. 8, 9 In contrast, one study found that P-gp density was not reduced in AD subjects. 10 Comparisons among studies are limited in scope, however, because of differences in analysis methods, analyzed brain regions, and selection of post-mortem samples. As discussed before, previous methods have some limitations and some may not even measure density effectively. Differences in the investigated brain regions must also be considered, since we have shown that P-gp density varies with both brain region and matter. For example, studies showing a decrease in P-gp density (including ours) used temporal cortex samples, 8, 9 whereas the study showing no difference in P-gp density used occipital cortex samples. 10 Other important factors, such as the diversity in age and Braak staging of the post-mortem samples, may also influence density. One study, for example, used a control group whose mean age was 17 AE 5 years lower than that of the AD group, 8 confounding the results because P-gp density decreases with age. The range in Braak staging of the samples-from unreported 9 to stages one to six for AD cases 8, 10 -is also a potential confounding factor, as pathological changes in P-gp density may only occur at certain points in disease progression. Our study highlights the importance of controlling several factors that influence density, including method of analysis, brain region, brain matter, and age.
Relationship of ABCG2 density and A plaque
We found that ABCG2 density varies with matter but not with AD status. This was evidenced by the results from the automated analysis on multiple regions: ABCG2 density was a third higher in gray matter than in white matter regions, but not different between regions or between AD and control cases. Analysis of ABCG2 density in an independent, larger set confirmed this result. However, protein differences were not detected at the transcript level. These results are consistent with some but not all reports on the relationship between ABCG2 and Ab: one group reported no change in ABCG2 density in AD, 9 one reported an increase, 11 while another reported a decrease. 10 Once again, variations in methods and samples used to quantify ABCG2 density in these studies could account for the conflicting results. Our study reproduced the same result in two separate sets of post-mortem brains. ABCG2 density was also found to be highest in the same areas, where P-gp density was lowest (i.e. gray matter), and subsequent studies may investigate whether ABCG2 density could be up-regulated in regions of high plaque deposition to compensate for the decrease in P-gp density.
In summary, we developed an automated method that quantifies transporter density from post-mortem sections of human brain. By using vessel masks, the method measures density in the vascular space, which inherently accounts for changes in capillary density that may occur between regions and in pathological conditions. In addition to this methodological advance, our study reveals important biological findings. First, P-gp density varies with brain region and with matter at the protein but not transcript level-a finding that, to our knowledge, has not previously been reported. We also confirmed that P-gp density was reduced in AD, and found that P-gp levels reduce locally by 35% in capillaries proximal to plaque within AD cases. Second, we found that ABCG2 density changes with brain matter, but does not change in AD-a finding that was reproduced using two independent cohorts of post-mortem brains. These findings highlight that variations in method, region, age, and staging can affect measures of transporter density in pathological conditions, and that previous studies may have underestimated the extent of changes in the blood-brain barrier by not accounting for these variables. In fact, by accounting for such variations, we found a 53% reduction in P-gp density as compared to previously reported values of 20-25%. The automated method should facilitate future studies of transporter density, by allowing simultaneous measurement of density in several brain regions and samples, minimizing user bias, and increasing reproducibility. 
